There is a growing interest in biological models to investigate the effect of neurotransmitter dysregulation on the structure and function of the central nervous system (CNS) at different stages of development. Zebrafish, a vertebrate model increasingly used in neurobiology and neurotoxicology, shares the common neurotransmitter systems with mammals, including glutamate, GABA, glycine, dopamine, norepinephrine, epinephrine, serotonin, acetylcholine, and histamine. In this study, we have evaluated the performance of liquid chromatography-tandem mass spectrometry (LC-MS/MS) for the multiresidue determination of neurotransmitters and related metabolites. In a first step, ionization conditions were tested in positive electrospray mode and optimum fragmentation patterns were determined to optimize two selected reaction monitoring (SRM) transitions. Chromatographic conditions were optimized considering the chemical structure and chromatographic behavior of the analyzed compounds. The best performance was obtained with a Synergy Polar-RP column, which allowed the separation of the 38 compounds in 30 min. In addition, the performance of LC-MS/MS was studied in terms of linearity, sensitivity, intra-and inter-day precision, and overall robustness. The developed analytical method was able to quantify 27 of these neurochemicals in zebrafish chemical models for mild (P1), moderate (P2), and severe (P3) acute organophosphorus poisoning (OPP). The results show a general depression of synaptic-related neurochemicals, including the excitatory and inhibitory amino acids, as well as altered phospholipid metabolism, with specific neurochemical profiles associated to the different grades of severity. These results confirmed that the developed analytical method is a new tool for neurotoxicology research using the zebrafish model.
Introduction
Neurotransmission is not only the basis of neuronal communication but also plays an essential role during the central nervous system (CNS) development [1, 2] . Neurotransmitters are synthesized in presynaptic neurons and packaged into vesicles by specific synaptic vesicular transporters for subsequent release into the synaptic cleft, where they bind the postsynaptic receptors. Neurotransmission is terminated by degradation or reuptake of the neurotransmitter [3] . Disturbance in the synthesis, transport, or metabolism of neurotransmitters induced by genetic or environmental factors during brain development may lead to diverse neurological manifestations in childhood, including but not limited to neurodevelopmental delay, motor disorders, epilepsy, and neuropsychiatric features [1, 2, [4] [5] [6] . Thus, there is a growing interest in biological models to investigate the effect of neurotransmitter dysregulation on the structure and function of the CNS at different stages of development. Zebrafish is a vertebrate model increasingly used in neurobiology and neurotoxicology [7] [8] [9] [10] . Zebrafish shares the main neurotransmitter systems with mammals, including glutamate, GABA, glycine, dopamine, norepinephrine, epinephrine, serotonin, acetylcholine, and histamine [1, 11] . As a result, zebrafish model is increasingly been being used to analyze the mechanisms and effects of the dysregulation of neurotransmitters homeostasis at different developmental stages [12] [13] [14] [15] .
The development of analytical methodologies for metabolomics research has received much attention in the last years, by using techniques like direct infusion mass spectrometry (DI-MS) [16] , liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) [17] , or high resolution mass spectrometry (HRMS) [18, 19] , gas chromatography coupled to MS [20] , and proton nuclear magnetic resonance ( 1 H-NMR) [21] . However, only a few studies have investigated the changes in the profiles of neurochemicals. Santos-Fandila et al. (2015) developed an analytical method based on ultra-high performance liquid chromatography (UHPLC) coupled to MS/MS for the determination of 17 neurotransmitters, metabolites, precursors and neuromodulators [22] . On the other hand, Tufi et al. (2016) analyzed 19 neurotransmitters, precursors, and metabolites in zebrafish during early development and after pesticide exposure by using hydrophilic interaction liquid chromatography coupled to tandem mass spectrometry (HILIC-MS/MS) [15] . More recently, Aragon et al. (2017) determined five monoamine neurotransmitters in 5 d post-fertilization (dpf) zebrafish larvae by gas chromatography coupled to mass spectrometry with a two-steps derivatization [23] .
The main aim of this study has been to develop a robust targeted multi-residue method using LC-MS/MS suitable for the determination of 38 neurochemicals, including the main neurotransmitters, their precursors and metabolites, as well as some neuromodulators, in 8 dpf zebrafish larvae. By 7-8 dpf, all the major components of the adult zebrafish brain and complex behaviors such as prey capture and predator avoidance are already present [24, 25] . Neurochemicals included in this method belong to the main neurotransmitter systems, including but not limited to histaminergic, glutamatergic, GABAergic, glycinergic, cholinergic, serotonergic, and catecholaminergic. Chromatographic separation has been optimized using a polar reversed-phase column. The performance of the method has been evaluated in terms of comprehensive mass spectral characterization, selectivity, sensitivity, intra and inter-day precision and linearity.
Acute organophosphorus poisoning (OPP) is a major clinical and public health problem, with more than 3 million cases per year [26] . Recently, we have generated and validated zebrafish models for mild (P1), moderate (P2), and severe (P3) acute OPP by exposing zebrafish larvae to different concentrations of the prototypic organophosphorus compound chlorpyrifos-oxon (CPO) [26] . Although most of the pathophysiological processes involved in the development of acute OPP in these three zebrafish models have already been characterized, no information on the neurotransmitter profile is currently available. Thus, as a proof of principle, the developed methodology has been applied to determine potential changes in the neurotransmitters profile in the three zebrafish models of acute OPP with different grade of severity.
Experimental

Chemicals and materials
All neurotransmitter standards used for the optimization of the analytical method were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Santa Cruz Biotechnology (Dallas, TX, USA). All the target compounds and molecular formulas are shown in Table 1 . Methanol (MeOH), water (H 2 O), and acetone HPLC grade were supplied from Merck (Darmstadt, Germany). Chlorpyrifos-oxon (CPO) was purchased from Chem Service (West Chester, PA, USA). Acetonitrile (ACN) and formic acid (FA) were supplied by Fischer Scientific (Loughborough, UK). Ultra-pure water was obtained through Millipore Milli-Q purification system (Millipore, Bedford, MA, USA). Initially, all pure standards were prepared at 1000 ng μL -1 in MeOH or milliQ water depending on their solubility. Once prepared in silanized amber vials (2 mL), the standards were kept and at -80°C in the dark to prevent possible degradation.
Fish husbandry and embryos production
Adult wild type zebra fish (Danio rerio) were maintained in fish water [reverse-osmosis purified water containing 90 μg mL -1 of Instant Ocean (Aquarium Systems, Sarrebourg, France) and 0.58 mM CaSO 4· 2H 2 O] at 28 ± 1°C. Photoperiod was set to a 12 h light:12 h dark cycle. Fish were fed twice daily with flake dry food (TetraMin, Tetra). Embryos were obtained by natural mating and maintained in an incubator in fish water at 28.5°C. All procedures were approved by the Institutional Animal Care and Use Committees of CID-CSIC and conducted in accordance with the institutional guidelines under a license from the local government (agreement number 9027).
CPO exposures and sample collection
A 150 mM stock of CPO was prepared in DMSO, aliquoted and stored at -20°C. For OPP model generation, 7 dpf zebrafish larvae were transferred to 48-well plates (1 larva per well) and exposed for 24 h to selected CPO concentrations at 28.5°C. Grade 1, 2, and 3 larvae were generated with 0.1, 1.0, and 4.0 μΜ CPO, respectively. Control larvae were exposed, in identical conditions, to the same concentration of the carrier (0.1% DMSO) [26] . We graded the severity of the CPO poisoning in zebrafish larvae in three primary phenotypes according to morphological and behavioral criteria, as previously described [26] . The mildest phenotype (grade 1, henceforth referred to as P1) was characterized by moderate reduction in locomotor activity with no or only mild defects in gross morphology. The moderate phenotype (grade 2, henceforth referred to as P2) was primarily characterized by complete paralysis of axial muscles and a dramatic decrease in the trunk length. Finally, the most severe phenotype (grade 3, henceforth referred to as P3) was characterized by complete paralysis of axial muscles and altered morphology of the head. After 24 h of exposure, live larvae were examined with a Nikon SMZ 1500 stereomicroscope. Whereas all the larvae exposed to 0.1 μΜ exhibited P1 phenotype, larvae exposed to 1.0 and 4.0 μΜ CPO exhibited the three phenotypes, although with different prevalence [26] . Thus, the highest prevalence of P2 and P3 phenotype was found in larvae exposed to 1.0 and 4.0 μΜ CPO, respectively. As a result, P1, P2, and P3 phenotypes were sampled from the larvae exposed to 0.1, 1.0, and 4.0 μΜ CPO, respectively. Pools of five larvae corresponding to control, P1, P2, and P3 phenotypes were collected, immediately frozen in dry ice, and stored at -80°C until extraction.
Sample extraction
Two different extraction methods were developed to extract neurotransmitters in zebrafish larvae. A different number of larvae were tested to evaluate the efficiency of the extraction methodology using pools with one, three, five, and eight larvae. In both methods, four replicates of zebrafish larvae spiked with 500 ng of isotope labeled solution of L-aspartic acid-15 N (internal standard) were analyzed. First method (method A) was adapted from a previous study about the analysis of 17 neurotransmitters, metabolites, and precursors in zebrafish through the life cycle using ultrahigh performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/ MS) [22] . In this case, 400 μL of cold milliQ water were added to an Eppendorf tube containing the larvae and were mixed in a vortex for 15 s Then, 200 μL of formic acid (1%) in cold MeOH were added. Three stainless steel beads (3 mm diameter) were placed into the Eppendorf and homogenized at 50 oscillations per minute for 90 s using a bead mill homogenizer (TissueLyser LT, Qiagen, Hilden, Germany). Finally, samples were shaken during 20 min in a vibrating plate at 4°C
and centrifuged for 20 min at 13,000 rpm at 4°C. Supernatants were transferred to chromatographic vials using 0.20 μM PTFE filters (DISMIC -13 JP, Advantec, Toyo Roshi Kaisha, Ltd., Japan). On the other hand, the second extraction procedure (method B) was adapted following a previous study of Gómez-Canela et al. (2017) about the assessment of chlorpyrifos toxic effects in zebrafish metabolism [19] . Samples were spiked with 500 ng of IS (L-aspartic acid-15 N) and then, 500 μL of a MeOH:H 2 O (90:10) mixture were added to each pool of larvae and shaken using a vortex mixer. Three stainless steel beads (3 mm diameter) were placed into each sample and were homogenized using a bead mill homogenizer (TissueLyser LT, Qiagen, Hilden, Germany) at 50 oscillations per min during 90 s. After this, samples were shaken for 20 min in a vibrating plate at 4°C and centrifuged for 20 min at 13,000 rpm, also at 4°C . The supernatant was filtered using 0.20 μM PTFE filters (DISMIC -13 JP, Advantec, Toyo Roshi Kaisha, Ltd., Japan) and kept in amber chromatographic vials at -80°C until LC-MS/MS analysis. Because of its better performance, method B with pools of five larvae was chosen to analyze the larvae samples exposed to CPO.
LC-MS/MS analysis
Neurotransmitters were measured using liquid chromatography connected to a triple quadrupole detector (Xevo TQD, Waters, USA) (LC-MS/MS). Two LC columns were used to separate the target compounds and Synergi Polar-RP 80 Å column (250 mm × 4.6 mm i.d., particle size 4 μM, Phenomenex, Torrance, USA) was chosen for its better resolution. The mobile phase composition consisted of binary mixtures with 0.1% of formic acid in water (A) and 0.1% formic acid in MeOH (B). Gradient elution started at 95% A and 5% B in the first 2 min and increased to 30% B in 5 min. Then, gradient increased to 95% B in the next 13 min, and held for 5 min. Initial conditions to stabilize the system were attained in 5 min being 30 min the total run time. The flow rate was set at 600 μL min −1 and 10 μL was injected.
Neurotransmitters were measured under positive electrospray ionization (ESI+). Flow injection analysis (FIA) was performed to obtain the optimum cone voltage (between 1 and 80 V) for the determination of the molecular ion and to obtain the optimum collision energies (between 1 and 50 eV) to determine at least two intense fragments. Finally, to identify each compound, acquisition was performed in selected reaction monitoring (SRM) mode using two transitions from precursor ion to product ions. Final transitions used as well as optimized cone voltages and collision energies are given in Table 1 . Internal and external standard quantification was performed. Experimental data were acquired and processed using the MassLynx v4.1 software package.
Quality assurance
Calibration standards were prepared in a 50:50 mixture of MeOH with 0.1% HCOOH and HPLC water with 0.1% HCOOH, as the samples. Calibration was performed over a concentration range from 0.005 to 5 ng μL
, using seven calibration points. L-aspartic acid- 15 N was used as internal standard for extraction and analytical quality control. Betaine, guanidine, histidine, dopamine, agmatine, L-glutamine, glycine, Laspartic acid, L-serine, and L-arginine were quantified by internal calibration (using L-aspartic acid-15 N as IS). The remaining 28 compounds were quantified using external calibration and the target compound itself was used as external standard. Instrumental detection limits (IDLs) were determined using the lowest concentration standard solution at 0.005 ng μL −1 that yielded a S/N ratio equal to 3, and method detection limit (MDL) was calculated in the same way, using zebrafish larvae samples spiked at 200 ng. Intra-day precision was assessed by five consecutive injections of 1 ng μL −1 standard solution, and inter-day precision was determined by measuring the same standard solution during four different days. Solvent blanks did not contain any of the investigated analytes, indicating no carryover effect during the LC-MS/MS runs. On the other hand, recovery studies were performed with five replicates, using zebrafish larvae samples spiked at 200 ng with the neurotransmitter standard mixture and the IS (L-aspartic acid-15 N). Four replicates of a pool with five zebrafish larvae were analyzed first, subtracting the possible traces of target compounds. In addition, the matrix effect (ME) was assessed by comparing the peak area of analyte from the spiked zebrafish larvae with the peak area of the analyte from the standard solution at the same concentration in methanol (N = 5), following the equation:
where A is the peak area of each analyte from spiked zebrafish larvae samples; B is the peak area of each analyte from nonspiked zebrafish larvae; and C is the peak area of each analyte in methanol.
Data analysis
Levels of neurochemicals in pools of zebrafish control samples and in the three models for acute OPP were normalized per larva. In order to visualize changes in the neurochemicals profile among experimental groups, fold-changes were calculated as a ratio of the average level of each neurochemical in the chemical models and in controls. Moreover, one-way ANOVA followed by post hoc Dunnett's or Tukey's tests (p < 0.05) were applied to compare the level differences of each neurochemical among experimental groups. On the other hand, ANOVA+Tukey's B, heatmaps, hierachical clustering, and k-means analysis of the obtained data were performed using the R packages "foreign", "agricolae", "multcomp", "gplots", and "cluster" [27] .
Results and discussion
Optimization of the ionization parameters Table 1 shows the mass spectral information of the 38 neurotransmitters and the internal standard (IS). In most cases, the protonated molecule was observed as precursor ion.
Only some compounds present the loss of a water or ammonia molecule as base peak. The mass fragmentation pathways of target compounds are shown in Fig. S1 [see Electronic Supplementary Material (ESM)] and the comprehensive characterization of each ion is depicted. In general, at 3 V extraction voltage and 3.5 kV capillary voltage, the protonated molecule was formed with the highest sensitivity. On the other hand, the major parameter influencing the intensity of signals was the cone voltage (CV), optimized defining those conditions with maximum sensitivity producing the major intensity for the molecular ion. Finally, the precursor ion was fragmented to produce at least two intense product ions. The precursor ion and the most abundant fragments were chosen for the SRM analysis to enhance selectivity and sensitivity. Figure S1 (ESM) depicts the mass spectral characterization of the 38 neurotransmitters studied using LC-MS/ MS. At the optimum working conditions specified in the previous section, each compound was identified and several fragment ions were obtained. The fragmentation pattern of each compound has been described according to the neurotransmitter system classification (see EMS). All neurotransmitters formed the protonated molecule [M+H] + with the exception of serotonin and dopamine that formed the loss of the NH 3 molecule whereas norepinephrine and normetanephrine that formed the protonated molecule with the loss of a water molecule [M-H 2 O+H] + . On the other hand, two fragment ions were detected in all cases except guanidine and 5-hydroxy-L-tryptophan in which only one fragment ion was formed. The summary of the m/z for all target compounds with their respective C.V. and C.E. is shown in Table 1 .
Mass spectral characterization
Optimization of HPLC conditions
To enhance resolution and identification of target compounds, two LC columns of different polarity and stationary phase were used: a ZIC-HILIC (250 mm × 2.1 mm i.d., particle size 5 μM, Merck, Darmstadt, Germany) and a Synergi Polar-RP 80 Å column (250 mm × 4.6 mm i.d., particle size 4 μM, Phenomenex, Torrance, CA, USA). The mobile phase composition consisted in a binary mixture of MeOH + 0.1% HCOOH (solvent A) and HPLC water + 0.1% HCOOH (solvent B). The gradient was also optimized depending on which analytical column was used. With the ZIC-HILIC two different gradients were tested starting at 90% of solvent A (test 1) and at 70% of solvent A (test 2). However, with the Synergi Polar-RP 80 Å column, four different gradients were tested starting at 5% solvent A (test 3 to 6). More details about the % of solvent A and B in each test are indicated in Table S1 (ESM). Finally, the Synergi Polar-RP 80 Å column was chosen for its better resolution and also because test 3 gave better resolution and sensitivity. The acronym HILIC was suggested by Alpert in 1990 to describe a chromatographic technique where the analytes interact with a hydrophilic stationary phase and are eluted with a relatively hydrophobic binary eluent in which water is the stronger eluting member [29] . HILIC has been steadily gaining interest and in the last few years it has emerged as a viable option to reverse phase (RP)-HPLC for many applications dealing with polar and hydrophilic analytes. However, with the mass parameters previously optimized by flow injection analysis, ZIC-HILIC produced a good separation only for 26 out of 38 neurotransmitters, whereas poor resolution was observed for ɣ-aminobutyric acid (GABA), glutamine, 5-hydroxyindoleacetic acid, dopamine, 1,5-Bis(4-allyldimethylammoniumphenyl)pentan-3-one dibromide (BW284c51), and L-serine. On the other hand, 5-hydroxy-L-tryptophan, (-)-epinephrine, glycine, 3,4-dihydroxyphenylacetic acid, L-aspartic acid, L-valine, and L-methionine were not detected with the conditions employed. Because of the poor resolution obtained with the HILIC column for many target compounds, the Synergi Polar-RP 80 Å column was preferred. This column uses a polar end-capped, ether-linked phenyl phase providing polar and aromatic reversed phase selectivity that allows an increased retention of highly polar and aromatic compounds. The ion chromatogram of a mix solution at 1 ng μL −1 containing all the target analytes using the Synergy Polar-RP column is shown in Fig. S1 (ESM). All compounds were identified using the retention time, the quantification, and the confirmation transitions, and in spite of coelutions, compounds were effectively resolved at their specific transition. Although, some target compounds such as 3,4-dihydroxyphenylalanine, normetanephrine, dopamine, tyrosine, tyramine, and 3-methoxytyramine gave double chromatographic peaks probably due to the high particle size of the column (4 μM), the dimensions of this column were effective to resolve all the neurotransmitters studied. Therefore, with the optimized conditions, it was possible to determine 38 neurotransmitters in a single run, improving significantly other existing methods where lower numbers of neurotransmitters were analyzed simultaneously [22, 30] . Regarding intra-and inter-day precision, values differed significantly depending on the compound. Intra-day precision ranged from 0.5% to 15.8%, and for inter-day precision, values ranged between 0.3% and 19.5% at 1 ng μL −1 level, thus indicating a robust method response ( Table 2 ). The extracted ion chromatograms of the target neurotransmitters mixed solution at 1 ng μL −1 using the Synergy Polar-RP column is shown in Fig. 1 . Method performance was tested using four replicates of spiked zebrafish larvae at 200 ng with the mix of the target neurotransmitters and 500 ng of the stable isotope labeled solution of L-aspartic acid-15 N in two different solid-liquid extraction (SLE) methods and using one, three, five, and eight larvae for each sample. With method A, best results were obtained using pools of 5 larvae for each sample, recovering 31 neurotransmitters in the range 18% ± 9 % to 120% ± 12%. Table S2 (ESM) reports all the recovery results in the two methods tested using one, three, five, and eight larvae. The results of method B are shown in Table S1 (ESM). In addition, matrix effect (ME), which may cause ionization suppression or enhancement of the analytes, was determined in four samples. ME was calculated by comparing the response of spiked zebrafish larvae with a MeOH spiked extract, using method A extraction (Table 2 ).
Quality parameters and analysis of neurotransmitters
Compounds with values below 100 % indicated signal suppression due to the matrix, whereas values above 100 % suggested that there was a signal enhancement. In most cases, no matrix effect was observed (70%-130 %), and therefore, quantification with the internal or external standard procedure seems adequate to avoid over-or underestimation of the calculated concentration. Most problematic compounds were betaine, guanidine, histidine, 3,4-dihydroxyphenylalanine, agmatine, and taurine, which showed signal suppression and, on conversely, cytidine 5′-diphosphocholine and dopamine that showed a high signal enhancement. These effects were almost uninfluenced by the chemical structure but strongly influenced by the retention time of the neurotransmitter. The matrix effects were nearly independent of the type of analyte when a co-elution with critical matrix compounds occurred. This was previously described by Stahnke et al. [31] .
Changes in the neurochemical profile in zebrafish models for human acute organophosphorus poisoning with different grade of severity
The developed analytical method was used for determining changes in the neurochemical profile in zebrafish chemical models for mild (P1), moderate (P2), and severe (P3) acute OPP. In this study, results of the levels of neurochemicals in the zebrafish larvae have been reported as pg/larva. Although other studies determining the neurotransmitter levels in zebrafish embryos or larvae express the results also as ng or pg/mg protein [15, 22] , when results by using both systems were compared, the conclusion was that the expression of the results by protein content increased the variability and did not reflect the overall trend [22] . Twenty-seven neurochemicals were quantified in all the experimental groups, 20 of them showing significant differences between controls and/or any of the three OPP models analyzed (Fig. 2 and ESM Table S3 ). Most of the classic neurotransmitters, including glutamate, aspartate, GABA, taurine, serotonin, acetylcholine, and norepinephrine, were detected with the developed analytical method in pools of only five zebrafish larvae (8 dpf). The neurotransmitters histidine, glycine, dopamine, and epinephrine, the metabolites homovanillic acid (HVA) and normetanephrine, and the serotonin precursor 5-hydroxy-tryptophan, however, were not detected by our method in any experimental group, a limitation probably related to their low concentrations in zebrafish early larvae. For example, dopamine, serotonin, and epinephrine were not detected in pools of five larvae (5 dpf) using UHPLC-MS/MS, whereas they were detected in more mature developmental stages and adults [22] . This lack of sensitivity can be overcome by using methods focused on analyzing only a limited number of neurochemicals. Thus, a recent analytical method developed for determining specifically dopamine, normetanephrine, epinephrine, norepinephrine, and 3-MT was sensitive enough for detecting these five compounds in 5 dpf larvae [23] .
In mammalian models, the secondary neuronal toxicity during OPP development involves dysregulation of different neurotransmitter systems, including glutamatergic, GABAergic, and catecholaminergic [32] . Although most of the pathophysiological processes involved in the development of OPP in these zebrafish models have already been characterized, no information on the potential changes in the neurotransmitter profile was currently available. When the levels of the different neurochemicals in control larvae were compared with those determined in the acute OPP models with different grades of severity by using hierarchical clustering, profound changes were found associated to the severity of this toxidrome (Fig. 3) . Analysis by kmeans clustering revealed two main clusters of neurochemicals (Fig. 4A) . Cluster 1 (red area in Fig. 4A ) includes 14 neurochemicals that reach their maximal concentrations in P3 samples and the minimal ones in Controls and P2 (upper boxplot in Fig. 4B ), whereas Cluster 2 includes the remaining 13 neurochemicals, the concentrations of which were reduced in the three OPP models relative to controls to an extent roughly reflecting the severity grade (lower boxplot, Fig. 4B ). KEGG pathway analysis showed that 10 out of the 14 neurochemicals included in Cluster 1 were related to amino acid metabolism (arginine, histidine, methionine, phenylalanine, serine, tryptophan, tyrosine, valine, citrulline, and 5-HIAA), whereas six out of the 13 neurochemicals included in Cluster 2 were associated to ligand-receptor interaction (aspartate, glutamate, taurine, GABA, noradrenaline, and serotonin). Two other neurochemicals included in this cluster, glutamine and 3-MT, are related to glutamate and tyramine (and hence, dopaminergic) metabolic pathways. A third pathway, glycerophospholipid metabolism, was shared between the two clusters, as acetylcholine and CDP-choline belonged to Cluster 1 whereas choline, phosphocholine, and glycerophosphocholine belonged to Cluster 2. Therefore, the analysis of the data shows a general depression of synaptic-related neurochemicals, an increase of amino acid metabolism, and a disruption of the phospholipid metabolism, in the zebrafish models of human OPP.
Then, the main neurotransmitter systems were analyzed with more detail in the zebrafish acute OPP models. Figure 2 shows Fig. 2 Changes in the profile of 27 neurochemicals (neurotransmitters, precursors, metabolites, and neuromodulators) in the zebrafish models for mild (P1), moderate (P2), and severe (P3) OPP. Values are represented as log2 of fold change to control. *p < 0.05, oneway ANOVA followed by post hoc Dunnett's test that these animal models exhibited an altered profile in the catecholaminergic (phenylalanine, tyrosine, L-DOPA, norepinephrine), serotonergic (tryptophan, serotonin, 5-HIAA), glutamatergic (glutamine, glutamate), GABAergic (GABA), and cholinergic (choline, glycerophosphocholine, cytidine) systems. Thus, when the profile of the monoamine neurotransmitters was analyzed, a significant increase in the precursors phenylalanine and tyrosine, and a concomitant decrease in the content of L-DOPA and norepinephrine, were found ( Fig. 2 and ESM Table S3 ). Levels of the metabolite 3-MT also exhibited a progressive reduction in the acute OPP models, although these differences were no significant. As tyrosine is the substrate for the synthesis of L-DOPA, this profile of neurochemicals strongly suggests that the synthesis of L-DOPA from tyrosine is disrupted in our chemical models for acute OPP. Dopamine regulates locomotion and dopamine deficiency in zebrafish brain induced by the neurotoxicants 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) resulting in a decrease in the general locomotor activity [11] . Interestingly, the decrease in the motor function related to the grade of severity is one of the reported characteristics of the zebrafish models for acute OPP [24] . Moreover, severe acute OPP in mammals is characterized by the status epilepticus and, consistent with our findings, altered levels of catecholamines, including dopamine and norepinephrine, have been found in animal models of seizure [32, 33] . A significant increase in the levels of tryptophan and 5-HIAA, with a concomitant decrease in the levels of serotonin has been also found in the acute OPP models (Fig. 2 and ESM Table S3 ). This profile of neurochemicals belonging to the serotonergic system suggests a decrease in the synthesis and an increase in the metabolism of serotonin. Tetrahydrobiopterin (BH4) is a cofactor playing an essential factor in the hydroxylation of tyrosine to levodopa and tryptophan to 5-hydroxytriptophan, the precursor of serotonin [4, 6] . Thus, impaired BH4 synthesis or regeneration could be involved in the observed changes in the monoamine neurotransmitters in the zebrafish models for acute OPP. During the development of severe acute OPP, shortly after the initial cholinergic overstimulation the onset of OP-induced seizures allows the release of excitatory (EAA; glutamate, aspartate) and inhibitory (GABA) amino acid neurotransmitters [26, 32] . When the levels of excitatory and inhibitory amino acid neurotransmitters were analyzed in the zebrafish models for acute OPP, a significant decrease in the content of all these groups of neurochemicals was found, and this decrease was related to the grade of severity of the model (Figs. 2, 3 , and 4 and ESM Table S3 ). This depletion in the amino acid neurotransmitters may be related to the exhaustion of biosynthetic pathways after the continuous release of EAA and GABA. Finally, when the changes in the cholinergic system were analyzed ( Fig. 2 and ESM Table S3 ), no changes in the acetylcholine levels were found in the three models for acute OPP from to the control larvae. Considering that acetylcholinesterase activity was strongly inhibited in the three grades of acute OPP [26] ; this was an unexpected result. However, the fact that levels of choline, glycerophosphocholine, and cytidine 5′-diphosphocholine (CDP-choline), molecules related to acetylcholine metabolism were significantly altered (Fig. 3) suggests that homeostatic mechanisms of this neurotransmitter system could reduce the synthesis of acetylcholine to compensate for the reduction in its metabolism. Thus, when changes in hippocampal acetylcholine extracellular levels were determined in a rat OPP model developed by injection of the potent organophosphorus compound soman, a full recovery in the levels of this neurotransmitter was foundfor 90 min after injection [34] , an indication of the high capacity of regeneration of the physiological levels of this neurotransmitter.
Conclusions
A comprehensive optimization of a targeted multi-residue method for the quantitative determination of neurotransmitters and related metabolites from different biochemical classes using LC-MS/MS was performed. This analytical technique is adequate for the multi-group analysis of neurotransmitters and offers advantages with respect to previous reported methods: 38 compounds can be analyzed in a single injection; the compounds are unequivocally identified using two transitions and subsequently the excellent sensitivity of LC-MS/MS is reported. This excellent MS performance permits its implementation for the studies of neurotransmitters in small organisms, like zebrafish larvae. In this regard, it is important to stress the importance of the extraction protocol, as it may influence the relative recovery of several relevant metabolites. For example, using only five larvae, our method A recovered 31 compounds (but not phosphocholine, betaine, cytidine 5′-diphosphocholine, guanidine, epinephrine, taurine, and L- Table 1 serine), whereas method B allowed recovering the full set of neurotransmitters, although the determination of cytidine 5′-diphosphocholine and epinephrine gave poor results (170% and 12% of recovery, respectively). When testing the suitability of the proposed method for zebrafish models of human OPP with different grades of severity, as well as for control larvae, the results show a general depression of synapticrelated neurochemicals, an increase of amino acid metabolism, and a disruption of the phospholipid metabolism in the acute OPP models. These changes in the neurochemical profile were related to the grade of severity of the model. As in mammalian models, OPP altered several neurotransmitter systems, including catecholaminergic, serotonergic, glutamatergic, and GABAergic. These results show that the developed analytical method may constitute a new powerful tool in neurobiology and neurotoxicology research using the zebrafish model.
